Abstract: Ultrafast laser ablation is an extremely precise and clean method of removing material, applied in material processing as well as medical applications. And due to its violent nature, it tests our understanding of the interplay between optics, condensed matter physics and fluid dynamics. In this manuscript, we experimentally investigate the femtosecond laser induced explosive vaporization of water at a water/gas interface on the micron-scale through several time-scales. Using time-resolved microscopy in reflection mode, we observe the formation of a hot electron plasma, an explosively expanding water vapor and a shockwave propelled into the surrounding gas. We study this fs-laser induced water vapor expansion dynamics in the presence of different atmospheres, i.e. Helium, air and tetrafluoroethane. We use the Sedov-Taylor model to explain the expansion of the water vapor and estimate the energy released in the process. 
Introduction
In many applications in research [1] [2] [3] [4] [5] , technology [6] [7] [8] and healthcare [9] [10] [11] , ultrafast lasers are employed to cut and remove material as well as to locally modify the chemical, structural and optical properties of the target. In even more extreme examples, pulsed lasers are used to trigger nuclear fusion [12] and to generate high harmonics in attosecond science [13] or more practically, to study nerve regeneration in vivo after fs-laser axotomy [14, 15] . The unprecedented spatial resolution achieved in all these studies is partly due to the simultaneous ultrafast character and non-linear nature of the light-matter interaction, which leads to a reduced heat affected zone and to minimal collateral damage when compared to the outcome achieved using longer pulses [16] . These outstanding features allow researchers not only to accurately modify materials but also to investigate the fast and ultrafast mechanisms involved during the process of modification, such as phase transitions or bio-chemical and chemical reactions [1, [17] [18] [19] . In this way, ultrashort laser pulses, with a duration that ranges from a few to hundreds of femtoseconds (1 fs = 10 −15 s), can be used to probe the ultrafast chain of processes triggered by an excitation laser pulse in a so-called pump and probe system [17, [19] [20] [21] [22] [23] .
Particularly spectacular and very relevant for biological applications and laser-based surgery, is the ablation of aqueous media [3, 9, 15, 16, 24] . Crucial steps in this inherently multi-scale process are the absorption of laser-energy by the aqueous medium, resulting in local heating, followed by the evaporation of the liquid, which in turn does work against the tissue in which it is embedded [1, 4, 10, 16, [24] [25] [26] [27] [28] . The use of fs-laser pulses is particularly interesting for such applications, as the absorption in that case is very nonlinear and therefore is limited to a region that is typically smaller than the focal volume [19, 22, 29] . The extreme optical nonlinearity makes the description of the absorption of the ultra-short laser pulse very challenging, but on the other hand, leads to a very attractive separation of timescales [29, 30] . In the first picosecond, a hot electron plasma is created. Within the first 10 picoseconds, thus after the laser pulse is gone, this plasma equilibrates in temperature with the surrounding liquid. As a result, the liquid becomes superheated and explosively evaporates. The interaction dynamics of pulsed lasers with water has been investigated using lateral imaging via time-resolved shadowgraphy or time-resolved scatterometry, for instance looking at the propagation of laser-induced shockwaves and cavitation bubbles [3, 4, [31] [32] [33] [34] [35] [36] [37] [38] . Lateral imaging provides a wealth of information of the aftermath for long time-delays (ns-µs), at the expense of losing lateral spatial resolution to study the microscopic features of the initial electron plasma under strong focusing conditions [3] , relevant for instance to fs-laser cell surgery and neurosurgery [9, 39] .
In this work, we study femtosecond laser ablation at a water/gas interface using time-resolved imaging with submicron optical resolution in reflection mode, from 10 femtosecond to 100 nanosecond time-scales. The experiment is carried out inside three different gaseous atmospheres with increasing molecular weights and densities at room temperature, i.e. Helium (4 g/mol), air (18 g/mol) and tetrafluoroethane (102 g/mol). The already mentioned separation of time-regimes allows us to compartmentalize the multi-scale problem and separately observe the light-water interaction (fs-ps), the evaporation process (10 ps) and the supersonic vapor expansion dynamics (ns). We interpret our experimental observations with a Sedov-Taylor model to extract an estimate of the energy carried by the expanding vapor. Fig.1 (a) shows a detailed scheme of the collinear pump and probe setup. The laser source used during the experiments is a femtosecond regenerative amplifier (Hurricane, Spectra-Physics) that produces 150 fs laser pulses at a wavelength of 800 nm. Using a λ/2 waveplate and a polarized beam cube, we split the 800 nm laser pulse into two sub-pulses. The most energetic pulse runs over a fixed delay line to the microscope objective while the weaker fraction runs over an automated delay line to tune the pump-probe delay time up to a maximum of 1.4 ns (Newport Co.). For larger delays, we introduce longer detours in the probe optical path to obtain delays up to 100 ns. Before the delay line, a BBO (beta barium borate) crystal is used to frequency double the probe pulse and an edge filter (F) is used to block the remaining 800 nm light. The 400 nm probe light is then spatially and temporally overlapped with the 800 nm pump light in a pellicle beam splitter (PBS) before both collinearly enter an infinity corrected microscope objective (Nikon CFI60, 100X, NA = 0.8). Additional lenses in both optical paths are used to ensure that the 800 nm pump (one-to-one telescope, T0) is strongly focused by the objective, while the 400 nm probe is focused (L) in the back focal plane of the objective, resulting in wide-field illumination suitable for imaging the surface of the sample over an area of 45 × 45 µm 2 onto the EMCCD camera chip (Andor, iXon 885). The reflected light is collected by the objective and used to image the water/air interface through a 300 mm tube lens (TL) as shown in Fig.1 (a) . A filter (F) that only transmits the 400 nm light (∆λ FWHM = 10 nm, λ 0 = 400 nm) is used to prevent 800 nm pump light and plasma emission from reaching the camera. The optical path between the tube lens/filter and the camera chip is tubed in order to minimize the collection of stray ambient light. The delay control unit of the Pockels cells is synchronized with two optomechanical shutters (S1, S2) to ensure single shot experiments either with the probe pulse only (S1 open) or with both pump and probe pulses (both S1 and S2 open). For each temporal delay, several images are taken, each corresponding to a single shot of the laser while both pump and probe pulses are present. Additionally, several reference images are acquired. It is worth noting that unlike in the case of solid targets, the water surface self-restores a few milliseconds after strong laser excitation. This prevents incubation effects and allows us to record several pump-probe images at the same spot without re-focusing or moving the sample to a fresh area. The beam waist (1/e 2 ) of the focused pump beam at the sample surface was calibrated to be 3.1 µm using Liu method [40].
Experimental procedure

Experimental setup
Sample preparation
In the experiment we use milli-Q demineralised water in a 25 mL beaker. This beaker is placed inside a container in which the microscope objective is introduced through a closely fitting hole in the lid that is sealed by using rubber O-rings (see figure 1 (b) ). The isolated air inside is then allowed to saturate with water vapor for a few minutes, to limit the speed with which the water level lowers due to evaporation to less than 1 µm/hour, reducing the need to periodically refocus the surface of the target. The gaseous atmosphere of the cuvette can be controlled using a circulating system with a supply and an exhaust. For the experiments we use three different gasses, namely Helium, air and 1,1,1,2 tetrafluoroethane. Table I and are represented using the same color scale (which saturates the first four images). In the first few picoseconds, we see a strong increase of the reflectivity. After 2 picoseconds, we see the increase in reflectivity turn into a ring, which fades for longer pump-probe delays.
Starting at approximately 10 picoseconds, we see a reduced differential reflectivity starting in the center. On the timescale of 100 ps, the dark region radially expands and a bright rim develops around it. (b) Time-line during the ablation of water. The time-delays, at which the images in (a) are taken, are indicated by the arrows labelled a1 to a18.
Results
Ultrafast ablation of water through the time-scales
Using the experimental setup, we investigate the transient reflectivity of a water/gas interface during ultrafast laser ablation of water upon tight focusing conditions, from 10 fs to 100 ns.
Typical examples of such images, measured in an air atmosphere, are shown in Fig. 2 (a) whose time delays are chosen to be equally spaced in a logarithmic scale, as presented in Fig. 2 (b) . Here, three main regimes are observed: excitation and relaxation of a dense electron plasma (first row), evaporation onset (second row) and water vapor expansion (third row). We observe a delay of few tens of picoseconds before the laser-induced water vapor noticeably starts to expand laterally, which agrees with the expansion dynamics observed inside bulk water [3] and at the surface of a water jet [28] under similar focusing conditions. In Figs. 3 (a) -(e), we show images representative of the different time-separated regimes, combined with their radial averages (f)-(j) and schematics to discuss the corresponding physical processes (k)-(o). Initially the energy of the laser is coupled into the irradiated water via strong field ionization [41], i.e. multiphoton and tunneling ionization. Afterwards, seed electrons that are excited via non-linear ionization processes gain kinetic energy by means of inverse bremsstrahlung leading to impact ionization [10, 28, 30] . Consequently, during the first picosecond, we observe a strong increase of the surface reflectivity that we atribute to the formation of a well-localized dense electron plasma, as illustrated in Fig. 3 (k) . The maximum reflectivity increase that we observe experimentally is ∆R = 0.16, whereas the reflectivity of unexcited water is R o = 0.02. According to the Drude model for a free electron gas this corresponds to an electron density on the order of 10 22 cm −3 . These findings are consistent with the transient reflectivity contrast reported for solid crystalline and glassy dielectric targets [42, 43] , whose electonic and linear optical properties are comparable to those of water. After 2 picoseconds, the reflectivity in the center starts to drop. We attribute this reduction in reflectivity to the fact that the water in the center starts to evaporate, locally reducing the density of both the water and the electron plasma, as illustrated in Fig. 3 (l) . We therefore use the appearance of this reduction to estimate the ablation threshold to be 8.1 J/cm 2 , considering the calibrated 1/e 2 beam waist (see previous section and [40] ) and the Gaussian distribution of the laser. Curiously, we reproducibly observe a periodic azimuthal structure in the ring of increased reflectivity for delays that range from 8 ps to 40 ps, as shown in Fig.3 (c) . The orientation of this periodic structure remains unaltered for different irradiation experiments at a given time-delay, indicating a deterministic behaviour.
As of yet, we have no explanation of the cause of this structure. As time goes on, water further away from the center also evaporates, expanding upwards, as illustrated in Fig.3 (m) , causing the corrugated ring of increased reflectivity to fade away for longer pump-probe delays. Starting at approximately 10 picoseconds, we see an overall reduced differential reflectivity in the affected area. We attribute this to the fact that the hot water vapor above the water/air interface can act as a local anti-reflection coating that absorbs the light of the probe beam [3, 28] . From 100 ps onwards, we observe that the area of reduced reflectivity radially expands and develops a sharp bright rim. We can understand that this happens when the expanding vapor cloud becomes larger in radius than the initially laser-excited area, as illustrated in Fig.3 (n) . The bright edge in Figs.3 (d) ,(e),(i),(j) can be interpreted as the projection of the contact discontinuity between the supersonically expanding vapor and the surrounding air. The fact that the contact discontinuity is sharply visible means it must be widest near the focal plane, i.e. the water/gas interface. This strongly suggests that the expansion is cone-like, as illustrated in Fig.3 (n),(o) , which in turn indicates a highly supersonic expansion. This is supported by the fact that we observe a shockwave in the surrounding air, as can be seen in Figs. 3 (e),(j).
Atmosphere influence during ultrafast ablation of water
The expansion of the water vapor also depends on the atmosphere that surrounds the irradiated area. Fig. 4 (a) presents snapshots of the transient reflectivity during the ablation of water in the presence of different gases, from 500 ps to 10 ns. As explained in Fig. 3 the dark disk in the center (r v max ≈ 5.5 µm) is attributed to the rapidly expanding water vapor, whereas the outermost dark and bright ring (r s max ≈ 24 µm) corresponds to the shockwave propelled in the surrounding gas (see white arrows in Fig. 4 (a) "air" at 10 ns). The increment in the lateral size as well as the sharpness of the vapor front are clearly influenced by the surrounding atmosphere. In the presence of Helium and Air, the vapor resembles a homogeneous dark circle with a distinct edge, while in a tetrafluoroethane atmosphere, the dark area is heterogeneous and lacks a sharp edge. Although the images are similar in appearance, Fig. 4 (b) shows that the radial expansion in air achieves a slightly larger radius than in He for long delays up to 100 ns. For the first two nanoseconds, the same expansion velocity is observed in the presence of both gases (≈ 810 m/s), which corresponds to a supersonic expansion for air (v s = 343 m/s, v s is the speed of sound) and a subsonic expansion for Helium (v s = 972 m/s). This initial expansion speed explains why a shockwave is experimentally observed in an air atmosphere but not in a Helium environment. After 2 ns, the radial increase slows down more rapidly in a He environment than in the air environment. We use a Sedov-Taylor formula to estimate the energy released during the expansion of the water vapor in the presence of air and He (see Fig. 4 (b) )
where ρ is the density of water and E stands for the energy. Considering a hemispherical expansion, we estimate the energies released in an air and He atmospheres to be 618 pJ and 360 pJ, respectively. To test the validity of using the Sedov-Taylor model, we additionaly fit a power-law formula r ∝ t α , retrieving an exponent of 0.30 and 0.26 for air and Helium, respectively, as shown in Fig. 4 (b) . This shows that the expansion is not fully self-similar. This lack of self-similarity can be qualitatively understood, as we expect that in both atmospheres, the superheated water initially undergoes a vertical supersonic expansion [39, 44] . During the expansion, the expanding vapor gathers mass by sweeping up the gas from the atmosphere, eventually leading to a transition from a vertical expansion to a more isotropic expansion. In an atmosphere with a low mass density (ρ air ≈ 7ρ He ), this transition will occur later. Thus the system will favour vertical expansion over lateral expansion as compared to a system with an atmosphere with a high mass density, in correspondence with the results shown in Fig. 4 (b) . Fig. 4 (a) also shows that a gaseous atmosphere with higher density (ρ TFE ≈ 4 · ρ air ≈ 24 · ρ He , see table I in the experimental section) presents a shock with higher optical visibility, i.e. tetrafluoroethane. The graph in Fig. 4 (c) shows that the shock radius as a function of time has a similar behaviour in both atmospheres.
Conclusion
In conclusion, we experimentally study the ultrafast laser ablation at a water/gas interface by using time-resolved microscopy. We present the changes in the transient reflectivity for several time-scales, from 10 fs to 100 ns. Overall, our work explores the initial laser-water interaction (femtoseconds), the intermediate extreme thermodynamic state of the system (picoseconds) and the subsequent compressible fluid dynamics (nanoseconds). As an outlook we propose to further link and explore the long-run mechanical behaviour, i.e. surface waves, which will require delays far into the microsecond regime. We additionally test the influence of the atmosphere during the ablation dynamics, finding that the propulsion of a shock in the surrounding gas depends on its speed of sound and molecular weight. Moreover, we find that the atmosphere influences the way the laser induced vapor expands during the first 100 ns, following a Sedov-Taylor power law expansion with different exponents, which indicates the process is not self similar. The understanding of this concatenation of physical processes has high impact and tremendous potential in the field of laser nano-surgery (i.e. cell, ocular and neuro surgery) [9, 39] , since they are behind the behaviour of photomechanical damage. As the ablation of water involves less phase transitions than the ablation of solid samples, our study can contribute further research on the ultrafast laser ablation of more complex systems, such as nanoparticle synthesis via ablation of inmersed targets [45] or EUV-light generation for nanolithograpy via tin droplet ablation [46] .
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